This article seeks to demonstrate a direct and simplified correlation between the measurement of the wettability and the agglomeration potency of the inclusion particles in liquid ferrous alloy. The established methodology has been validated by the agreement between the calculated coagulation coefficient of Al 2 O 3 particles and the experimental data in the open literature. Subsequently, the coagulation coefficient of Al 2 O 3 , MgO, and Ti 2 O 3 particles in ferrous alloy melts was evaluated quantitatively by the proposed method using the actual experimental data of contact angle and surface tension. Meanwhile, the effect of the matrix composition has been investigated by comparing the Hamaker constant and coagulation coefficient between Ti 2 O 3 / pure iron and Ti 2 O 3 /low-carbon steel systems. It is noted that the change of coagulation coefficient associated with the contact angle is caused by the formation of a new phase at the oxide/metal interface at the high temperature. The present work aims to provide a deep understanding of the connection between inclusion motion behavior in the liquid alloy and the high temperature interfacial phenomenon.
I. INTRODUCTION
PHYSICOCHEMICAL aspects focusing on the motion, agglomeration, and detachment behaviors of particles in the liquid or at liquid-gas interface are of great importance in the different fields including metallurgical engineering. The particles can refer to metal droplet, aerosol, colloid particle, nonmetallic inclusion particles in the different engineering fields. [1] Specifically, the agglomeration of inclusion particles in the liquid metal is vital to control the cleanliness of steels. [2, 3] In addition, their agglomeration behavior relates to the inclusion size, which is an important factor for inclusion roles as a nucleation site to induce intragranular acicular ferrite nucleation. [4] [5] [6] [7] [8] [9] Moreover, there is a concept, inclusion engineering, that deals with the control of the amount, morphology, size distribution, and composition of nonmetallic inclusions formed in the liquid steel during refining and solidification. [10] To better understand the mechanism of inclusion agglomeration behavior, the experimental studies using both in-situ [11] [12] [13] [14] [15] and ex-situ [16] [17] [18] [19] methodologies have been performed. However, the current in-situ characterization research by high-temperature confocal laser scanning microscope (HT-CLSM) limits the inclusion behavior on the liquid steel surface or named steel-gas interface, which is a much different mechanism with the case of inclusion agglomeration at the bulk of the liquid steel. For the latter case, to the authors' best knowledge, there is not an available way to characterize this research topic directly. Using high-energy X-ray or neutron may have the chance; however, due to the low density of inclusion existed in the liquid steel, the resolution of the current X-ray, as well as that of the neutron, is not high enough. Alternatively, the Hamaker constant and coagulation coefficient can be used to support the experimental findings in References 13 through 19.
Besides the experimental work, various simulation studies of the inclusion agglomeration behavior in the liquid steel have been carried out by using the turbulent collision rate, which is a function of the coagulation coefficient. [20] [21] [22] [23] In some studies, the inclusion has been assumed to be a single phase and the coagulation coefficient was set to a constant value of one for the sake of convenience. As a result, it was not possible to discuss quantitatively on the size distribution of different inclusion kinds. Therefore, the proposed method aims to demonstrate a simplified but direct correlation between the fundamental study of the wettability measurement and the practical phenomenon of inclusion agglomeration in the liquid steel. First of all, the current methodology proposed a correlation between the contact angle and the Hamaker constant according to Frenkel's method. [24] Subsequently the relationship between the Hamaker constant and the coagulation coefficient based on the turbulent coagulation model is established. Thereafter, this integration method is verified by the experimental data of the Al 2 O 3 particles in liquid iron. Finally, the difference between the coagulation coefficient and the Hamaker constant among Al 2 O 3 , MgO, and Ti 2 O 3 particles in the liquid iron/low-carbon steel is compared. The success of the applicability of the proposed method will let the industrial community assess the inclusion elimination efficiency rapidly according to the experimental database of the physical property measurement from the academic community. We challenge it here.
II. METHODOLOGY

A. Calculation of Hamaker Constant
The flowchart of the calculation proposed in this work is presented in Figure 1 . Prior to the calculation of the coagulation coefficient, it is important to introduce the calculation method of Hamaker's constant using the physical measurement data. According to the history of this parameter, Hamaker [25] was the pioneer who reported that the adhesion force, London-v.d. Waals interaction (vdW), exists between two small particles. The vdW of two spherical particles can be calculated as a function of the diameters and the distance separating them. Moreover, it is reported that the vdW force could split into a geometrical part associated with a parameter called the ''Hamaker constant.'' The basic equation to calculate this factor is provided in Reference 25. Subsequently, a description of the vdW interaction with the consideration of the dielectric property of the intervening medium was introduced by Lifshitz. [26] Visser [27] reviewed the existing approximate equations for the calculations of the Hamaker constant from experiments, where the methods reported by Frenkel [24] and Fowkes [28] based on physical property measurements were introduced. Actually, there are several mechanisms of collision-coagulation other than vdW force that can also contribute to the particle agglomeration. For instance, liquid bridge force, cavity bridge force, and capillary force are also the reason. However, the focus of this work is vdW force, which only relates to the Hamaker constant and coagulation coefficient. The applicability of the Hamaker constant has been reported in the colloid chemistry. [27] Meanwhile, Taniguchi et al. [29] utilized this concept in the physical model, which simulates the particle motion behavior in the steelmaking. It is noted that these Hamaker constant values obtained from the surface tension measurement agreed well with other methods at room temperature, such as graphite, polystyrene, polymers, SiO 2 , and TiO 2 in water solution. [20, 27, 29] Regarding the Hamaker constant application at high temperature, Lin and Shimme [30] have tried to estimate the Hamaker constant for Al 2 O 3 in an iron melt, based on Fowkes's method. [28] However, it might not be a perfect estimation since this value was used for the adhesion between Al 2 O 3 and liquid iron at 1600°C. Alternatively, the selected Hamaker constant of Al 2 O 3 is at room temperature.
From the viewpoint of its applicability to particle dispersion/coagulation phenomena and the simplicity using physical property at high temperature, the original equation by Frenkel [24] was adopted. Subsequently, the Hamaker constant is viewed as a system-specific physical constant for a system in which the intervening media is iron/steel melt (M) and the two adjacent particles are oxide inclusions (I). However, it depends apparently on the temperature and time because the composition of the intervening medium and the particle changes slightly with the temperature as well as with the holding time.
According to Frenkel's method, [24] the interfacial adhesion energy between two particles with a plate shape is expressed as À2c IM per unit area. On the other hand, the van der Waals interaction free energy between two particles with a plate shape is ÀA IMI /12pa 2 per unit area. Thus, using the van der Waals adsorption approximation, the following equations can be obtained as Eqs. [1] and [2] , and the details can be seen in References 13 and 14.
where A IMI is the Hamaker constant (J); a is the ionic radius, which is 2.8 9 10 À10 for the oxides and 3. contact angle (degrees) between iron/steel melt and the oxide substrate. Thus, the Hamaker constant at high temperature, A IMI , can be obtained from the contact angle data (h IM ). c IM is the interfacial free energy between iron/steel melt and oxide.
B. Relationship Between Hamaker Constant and Coagulation Coefficient
It is speculated that the viscous drag force and the van der Waals force act on the particles in the liquid metal. See the schematic illustration in Figure 2 . At the time of the collide-contact between particles, the viscous drag force exerts through the thinning of the film layer of an iron liquid atom between the particles. The viscous drag force will inhibit the collision because it becomes much stronger as the particles approach each other. Meanwhile, the van der Waals force promotes the collision as an attractive force between the particles.
Based on this consideration, Higashitani et al. [31, 32] proposed the relationship between the Hamaker constant and the coagulation coefficient, a t , for the turbulent collision. This was done based on the experiment results obtained from room temperature of polystyrene latex (PSL) particles with a diameter of 0.85 lm and polyvinyltoluene latex (PVTL) particles with a diameter of 2.17 lm in KCl aqueous solution. This consideration is based on the turbulent collision rate of Suffman and Turner. [33] Furthermore, the collision coalescence among inclusion particles over a diameter of 1 lm in the iron/steel melt happens mainly due to the turbulent collisions. [34] The turbulent collision rate b T ij (m 3 /s) and coagulation coefficient (a t ) are defined as follows:
where r i and r j are radii of the inclusion particles (m), q f is the density of iron/steel melt (kg/m 3 ), e is the turbulent energy dissipation rate (0.01 m 2 /s 3 ), and l is the viscosity of iron/steel melt (6.92 9 10 À3 Pa s).
C. Summary of Contact Angle and Surface Tension Measurement in Previous Work
The experimental data of contact angle and surface tension used for Hamaker constant calculation are obtained from the sessile drop measurement reported in previous studies.
[ [35] [36] [37] The schematic illustration of the experimental apparatus as well as the contact angle measurement by sessile drop are shown in Figures 3(a) and (b), and the details of the experimental procedure can be seen in References 38 and 39. Meanwhile, the digital photos taken during the sessile drop measurement were used for the surface tension measurement. The classic method named ''Profile Fitting Method (PFM)'' summarized by Padday [40] associated with the Bashforth and Adams tables [41] was used for the calculation. The schematic figure showing the surface tension measurement of a droplet is presented as Figure 3 (c). The oxygen partial pressure for the inlet and outlet Ar gas was monitored by the oxygen sensor. Details can be seen in Reference 35. 
III. RESULTS AND DISCUSSION
A. Input Data Selection
The physical properties, h IM , c M , c I , for a specific oxide/metal system are necessary for the calculation of the Hamaker constant. Therefore, the data obtained from the sessile drop measurement are very suitable because it can simultaneously obtain the contact angle and surface tension. Moreover, the dissolved [O] content in the matrix closed to the oxide/metal interface associates with the physical property changes. The change of [O] is caused by oxygen partial pressure, Po 2 , in the gas atmosphere. The Po 2 value at 1815 K reported in Reference 35 is estimated to range 10 À9 to 10 À7 atm based on the assumption of H 2 /H 2 O equilibrium using the inlet oxygen sensor measurement data. However, they assume the ratio of P H 2 O =P H 2 is constant in the range from 923 K to 1815 K. In addition, the working temperature of the inlet oxygen sensor is assumed to be 923 K. These assumptions can lead to an overestimation for the actual value of Po 2 at 1815 K. Therefore, the authors reestimated the Po 2 to be from 10 À11 to 10
À9
atm considering the variation of the inlet Ar temperature. Actually the product layer (FeAl 2 O 4 ) at this Po 2 level is also recognized in the case of the similar level of Po 2 by Ogino et al. [36] Thus, this value is used in this work. Here, we used the experimental data obtained from the previous sessile drop studies by Xuan et al. [35] and Ogino et al. [36, 37] for c M and h IM . The details of these data will show in the following section. In addition, we use the reported data of c I obtained from the previous works by Nakajima [42] and Hara et al., [43] where 0. ) show the change of contact angle and the surface tension between Al 2 O 3 and pure iron with the increasing holding time. It is seen that the contact angle and the surface tension between pure iron and oxide substrate decrease with the increasing holding time at the high oxygen partial potential (Po 2 ) of 10 À9 to 10 À11 atm. This is actually due to the composition of the oxide interface changes and the [O] content increases in the iron/steel melt. However, the contact angle and the surface tension between Al 2 O 3 and pure iron keep almost constant with 10 À19 atm of Po 2 . The evidence of the interface validation has been identified by scanning electron microscopy with energy-dispersive X-ray spectroscopy (SEM-EDS). [35, 36] It is seen that FeAl 2 O 4 is the stable phase at the Al 2 O 3 /pure iron interface with 10 À9 to 10 À11 atm of Po 2 , and the thickness of the formed FeAl 2 O 4 is approximately 4 lm. [35] However, the interface remains as Al 2 O 3 at 10 À19 atm of Po 2 . In addition, an obvious decrease of the surface tension stops at 90 seconds, as reported by Xuan et al. [35] and at 300 seconds for Po 2 of 8.5 9 10 À9 atm, as reported by Ognio et al. [36] Based on the these statements, the initial points , [38] , and [39] in Figures 4(a) and (b) are recognized as the actual value of the contact angle and the surface tension. Comparing the reported initial experimental data in References 35 and 36, the composition change of the interface leads to a decrease of the initial contact angle from 136 to 104 deg. Subsequently it leads to a decrease of the Hamaker constant from 11.8 to 6.7 9 10 À18 J and, finally, to a 13 pct decrease of the coagulation coefficient. This can be seen in Figures 4(c) and (d) .
The proposed simplification method linking the wettability measurement and the coagulation coefficient has been validated by the previous experimental data. [44, 45] Specifically, Nakanishi and Szekely [44] have reported that the coagulation coefficient, a t , equals a value between 0.27 and 0.63 for Al 2 O 3 inclusion with a radius of 1 to 16 lm. This conclusion was based on a comparison of the calculation and the experimental values of the turbulent coagulation rates under Al deoxidation in the ASEA-SKF furnace. This can be seen in Figure 4(d) . In addition, Zhang et al. [45] have estimated that the coagulation coefficient, a t , equals 0.18 for an Al 2 O 3 inclusion with a radius of 1 to 70 lm, where the main inclusion size is about 25 lm, in a continuous casting tundish. These values agree quite acceptably with the predicted values by the present method, which are 0.19 to 1.0 and 0.14, respectively. The agreement from the validation provides a reliable path that the current method can be applicable in predicting comprehensive kinds of inclusion agglomeration in the melt.
MgO/Pure Fe
For the case of MgO/pure iron system, it is seen that experimental data of contact angle and surface tension decreases with the increasing holding time for the case of relatively high Po 2 of 10 À11 to 10 À9 atm. For the case of low Po 2 of 10 À17 atm, the drop of contact angle can be found; however, the surface tension almost keeps as a constant value. See Figures 5(a) and (b) . According to Po 2 in different measurements, the composition of the MgO/pure iron interface is characterized as MgO at the Po 2 of 10 À17 atm, [37] and MgOAEFeO at the Po 2 of 10 À11 to 10 À9 atm by SEM-EDS. [35] It is reported that FeO can be formed at the interface between MgO and liquid iron when the Po 2 is relatively high; subsequently, FeO can immediately mix with MgO to form MgOAEFeO solid solution (s.s.). [46] After 400 seconds, both the contact angle and the surface tension reported in Reference 36 almost remain as a constant value because the reaction layer formation almost reached an equilibrium state. In addition, the reason for the slight drop of the contact angle at the Po 2 of 10 À17 atm is not clear since the interface remains as MgO and the surface tension keeps almost stable. However, it is believed to be due to the increase of the dissolve oxygen content in the pure iron closed to the interface. Consequently, the difference between the initial contact angles at Po 2 values of 10 À11 to 10 À9 atm and 10
À17
atm is due to the phase change at the MgO/pure iron interface. This leads to a decrease of actual contact angle from 122 to 90 deg, the Hamaker constant from 9.6 to 4.2 9 10 À18 J, and finally a 18 pct decrease of coagulation coefficient. See the details in Figures 5(c) and (d) .
C. Effect of Matrix Composition on the Relationship
Between Contact Angle, Hamaker Constant, and Coagulation Coefficient 1. Ti 2 O 3 /Pure Fe Unlike the cases of Al 2 O 3 /pure iron and MgO/pure iron, the contact angle and surface tension of Ti 2 O 3 /pure iron almost keep stable with the increasing holding time. This tendency can be seen in Figures 6(a) and (b) . A very slight drop of the contact angle from 128 to 119 deg after holding 726 seconds can be found. This is most probably due to the slightly increase of the dissolved [O] content in the matrix adjacent to the interface. In addition, two datasets of the surface tension keep almost 1.55 N/m and 1.65 N/m. The difference has not been directly reported in References 35, but it is most probably due to the different Po 2 values during the measurement. It is not supervising to note that the slight drop of contact angle leads to a small decrease of the Hamaker constant from 9.3 to 8.3 9 10 À18 J and, finally, contributes to an only 3 pct decrease of coagulation coefficient. The details can be seen in Figures 6(c) and (d) . In addition, the interface is observed to change from Ti 2 O 3 to TiO x (x = 1.0 and 1.2) for the two cases. The actual reason is still not clear yet; however, the oxygen reduction is believed to be due to the stable composition of the solid solution, TiO x , in equilibrium with pure iron. The authors would investigate this phenomenon carefully in future work.
The Hamaker constant and the coagulation coefficient for each oxide particle in pure iron melt is summarized here. Al 2 O 3 has the strongest coagulation potency vs that of other oxides. Ti 2 O 3 and MgO are found to have a similar coagulation tendency, which is lower than Al 2 O 3 . The solid solution, MgOAEFeO, has the lowest one. It is important to note that the change of the Hamaker constant and coagulation coefficient directly depends on the chemical reaction at the interface between the metal and the oxide, which relates to the crystal structure revolution during the physical property measurement. The evidence is identified by SEM-EDS directly; meanwhile this product layer is believed to be a mixture of Al 2 TiO 5 and Ti 2 O 3 assisted by the thermodynamic calculation. [35] Besides the reported reason, it is well known that sulfur is one kind of strong surfactant that can reduce the surface tension significantly. A detailed quantitative study of the phase transition at the interface will be investigated by the authors in future work. Finally, Figures 7(c) and (d) show that the decrease of the contact angle and the surface tension during the isothermal holding leads to a decrease of Hamaker constant from 10.9 to 3.5 9 10 À18 J and, finally, to a 24 pct decrease of the coagulation coefficient.
IV. CONCLUSION
This work provides a direct estimation methodology to determine the relationship between the wettability measurement and the coagulation coefficient of inclusion agglomeration in the liquid ferrous alloy. The following conclusions can be drawn here: (1) The present method calculating the coagulation coefficient is validated by the experimental data of the Al 2 O 3 inclusion particle in a pure iron melt. Thus, the obtained results as well as the proposed methodology can be applied in the turbulent coagulation rate simulations. (2) According to the difference of physical properties including contact angle and surface tension for each oxide/pure iron system, Al 2 O 3 has the strongest coagulation potency vs that of the other oxides. Ti 2 O 3 and MgO are found to have a similar coagulation tendency, which is lower than Al 2 O 3 . The solid solution, MgOAEFeO, has the lowest one. (3) The Hamaker constant and the coagulation coefficient for Ti 2 O 3 particle in low-carbon steel changes remarkably with time, which is a different behavior as that in the Ti 2 O 3 /pure iron system. This phenomenon is due to the interface composition change from TiO x (x = 1.0/1.2) to a mixture of (Ti 1Àx Al x )O y (x = 1.62 at pct, y = 1.2). (4) Physical property measurement of more comprehensive particle/metal systems considering various kinds of particles, e.g., nitrides, carbides, and sulfide, as well as high-alloy steel grades, e.g., high Mn steels and stainless steels can provide a more robust prediction of the inclusion agglomeration behavior in the actual steel manufacturing process. 
